We demonstrate that the critical magnetic Reynolds number Rmc for a turbulent non-helical dynamo in the low magnetic Prandtl number P m limit (i.e. P m = Rm/Re ≪ 1) can be significantly reduced if the flow is submitted to global rotation. Even for moderate rotation rates the required energy injection rate can be reduced by a factor more than 10
The existence of planetary and stellar magnetic fields is attributed to the dynamo instability, the mechanism by which a background turbulent flow spontaneously generates a magnetic field by the constructive refolding of the magnetic field lines [1] . There have been many efforts put by several experimental groups to reproduce the dynamo instability in the laboratory using liquid metals [2] [3] [4] [5] [6] [7] . However, so far, unconstrained dynamos driven just by turbulent flows have not been achieved in the laboratory. Successful experimental dynamos rely either in constraining the flow or using ferromagnetic materials. One of the major challenges to achieve a liquid metal dynamo is the large energy injection rate required to reach the dynamo onset that is determined by the magnetic Reynolds number Rm = U L/η (where U is the rms velocity, L is the domain size and η is the magnetic diffusivity), that should be larger than a critical value Rm c . The low value of the magnetic Prandtl number P m ≡ ν/η ∼ 10 −5 of liquid metals (where ν is the viscosity), implies that the required Reynolds number Re = U L/ν = Rm/P m must be very large. Given that in turbulent flows the energy injection rate is proportional to the cubic power of Re makes the dynamo onset extremely costly to reach in the laboratory.
From the other side, in the last decade, numerical simulations were able to reach high enough Reynolds numbers, to study the dependence of Rm c in the low P m limit [8] [9] [10] . It was shown that as Re was increased the turbulent fluctuations are preventing the dynamo instability resulting in a value of Rm c much larger than that of the organised laminar flows. The value of Rm c was shown to increase monotonically for values of P m around 1 but finally for high enough values of Re (low enough P m) a finite value of Rm c was reached independent of Re. This finite value is the turbulent critical magnetic Reynolds number defined as Rm . This was performed in [11] varying the forcing length scale.
In this work we propose that rotation can be used to reduce the dynamo threshold Rm turb c . Rotation is recognized as one of the key elements that determines the main characteristics of the resulting flows and magnetic fields of planets and stars [12] . This is confirmed by observations over the last decade, which have measured the magnetic activity of stars as a function of their rotation period [13, 14] . At fast rotation rates variations along the axis of rotation are suppressed rendering the flow quasi-2D in the sense that the flow varies weakly along the direction of rotation while retaining all three velocity components [15, 16] , a situation referred in the literature as 2.5D flow. These 2.5D flows have been shown to be effective dynamos [17] [18] [19] . The fact that turbulent fluctuations inhibit the dynamo instability while more organised flows reduce the dynamo threshold [20] indicates that background rotation can provide an efficient way to suppress fluctuations and optimize the flow so that the value of Rm turb c is reduced. In this Letter, we demonstrate that this is indeed the case. The effort to achieve the dynamo onset in rotating turbulent flows is modest in comparison to non-rotating turbulent flows with the columnar vortices playing a key role in the spontaneous generation of the magnetic field.
The governing equations involved in this study are,
where u, B are the velocity and the magnetic field respectively with ∇ · u = ∇ · B = 0, ρ is the mass density, and p is the pressure. The rotation Ω = Ωê z is along the z-direction. We integrate these equations numerically in a cubic periodic box of length 2πL using the pseudo-spectral code ghost [21] with a fourth-order Runge-Kutta scheme for the time advancement and the 2/3 de-aliasing rule. The body force is taken to be a non-helical
Since we are interested in optimizing the flow to reduce the energy consumption in dynamo experiments we define the nondimensional parameters in terms of the energy injection/dissipation rate in the system measured by ǫ = ν |∇u| 2 , where · denotes volume and time average. The non-dimensional parameters in terms of ǫ are, the Reynolds number
, and the Rossby number
With this choice of non-dimensionalization Rm turb c can relate directly to the power I c required to obtain dynamo by
To recover other definitions based on the rms velocity U = |u 2 | 1 2 of the flow, Re U = U/(k f ν) and Ro U = U k f /(2Ω) we provide the dependence of ǫ and U on the control parameters of the system in Fig. 1a and 1b and their asymptotic values in table I.
We are interested in different limits of the parameters in this problem. To model the Re ≫ 1 limit (or the P m ≪ 1 limit) we also use hyperviscosity where the Laplacian in the Navier-Stokes equation (Eq. 1) is changed to ∆ 4 . The other limit we would like to reach is the fast rotating limit Ro ≪ 1, in which the flow becomes 2.5D [22] . The magnetic field in this case can be expressed in the form B = be ikz z due to the invariance of the flow along the z-direction. In this limit we follow only the k z = 1 mode that was found to be the most unstable mode [17, 19] . The range of the parameters used can be found in table I. We first describe the effect of rotation on the flow. Rotation affects the velocity field through the Coriolis term. At low Re the flow is laminar and Ω does not modify the velocity field because the laminar flow is invariant along the direction of rotation. As we increase Re beyond a threshold the flow becomes turbulent, varying along all three directions and hence the effect of Ω becomes more important. For Ω 1, the effect of rotation is not dominant and the underlying flow is not far away from 3D isotropic turbulence. The total energy U 2 normalised by f 0 /k f and the normalized dissipation rate ǫ/(U 3 k f ) reach an asymptotic value for Re → ∞ as shown in Fig. 1 . This asymptotic value matches with the one obtained by the hyperviscous simulations, which are denoted by star symbols ⋆ and they are connected with the rest of the data set by dashed lines. This is the classical Kolmogorov turbulence where the large scale quantities become independent of viscosity at large Re. For Ω = 3 the flow becomes anisotropic with lesser fluctuations along the z-direction.
There is an inverse cascade present in the system that forms condensates. The growth of the condensate saturates when the counter-rotating vortex locally cancels the effect of global rotation for U ∼ ΩL [15, 23] . The normalized dissipation rate ǫ/(U 3 k f ) approaches an asymptote but at a much smaller value than the non-rotating case. For larger rotation rates Ω = 50 and Ω = ∞ saturation comes by viscous forces and ǫ/(U 3 k f ) decreases with Re. Another quantity that is important for dynamo action is the helicity H = u · ω where ω = ∇ × u is the vorticity of the flow. we run simulations of the same flow (same Re and Ro) but with different values of Rm. Rm c was determined by linear interpolation of the growth-rate between dynamo (positive growth rate) and no-dynamo runs (negative growth rate). The cases of Ω = 0 and 1 display similar behaviour as other studies of non-rotating flows (see [8] [9] [10] ) in which Rm c initially increases with Re, until it begins to become constant at large Re. For Ω = 1 the asymptotic value Rm turb c is larger than the Ω = 0 case expressing an initial hindering effect for the dynamo by rotation. For Ω ≥ 3 however we see a much lower threshold for the dynamo instability and no such increase due to turbulence is observed. In fact the threshold for Ω = 3 does not appear different from the Ω = ∞ implying that the destructive effect of the 3D turbulent fluctuations on dynamo has already disappeared. The ratio between the Rm turb c for the case of Ω = 0 and the case Ω = 3 for the hyperviscous runs is approximately ∼ 12. The injected power ǫ scales like Re 3 implying a reduction in the power required for a dynamo instability by a factor of 2 · 10 3 between Ω = 0 and 3 and a factor of 8 · 10 3 between Ω = 1 and 3 (see Fig. 3 ).
To decipher the reason behind this drop in Rm turb c
at Ω = 3 we display in Fig. 4a the enstrophy spectra k 2 E(k) for Ω = 0 and Ω = 3 obtained from the hyper- viscous runs. Large enstrophy implies a larger stretching rate of the magnetic field lines (although not necessarily constructive). For Ω = 0 a close to Kolmogorov behavior is observed with the enstrophy spectrum k 2 E(k) increasing with k after the forcing scale k f = 4. The strongest stretching rate is thus clearly at the small incoherent scales. On the contrary for Ω = 3 the enstrophy spectrum k 2 E(k) is decreasing with k. Only at the smallest scales k 2 E(k) starts to increase again. Thus, the small scale fluctuations are suppressed and the dominant stretching rate u ℓ /ℓ is restricted to the large coherent scales. Figure 5 shows the vertical vorticity field ω z for Ω = 3 displaying a strong coherent co-rotating vortex aligned with the global rotation and a counter rotating vortex responsible for the energy cascade to small scales [15] . The dynamo thus behaves as if it is driven by an organised laminar flow (i.e. high P m behaviour) even at very large Re (i.e. at low values of Pm). We note that this suppression of small scale fluctuations is not due to a dissipative mechanism since the Coriolis term is not dissipative and thus does not lead to an extra cost in energy injection. The magnetic energy spectra for Rm close to the onset are shown in Fig. 4b . For the case of Ω = 0 the magnetic energy spectrum is almost flat with an exponential decay at high wavenumbers. The unstable eigenmode (not shown here) takes the form of thin filamentary structures. On the other hand, for Ω = 3 the magnetic energy spectrum decreases fast with k and its relative dissipation rate is thus not as strong. The structure of the vertical current field j z from an unstable eigenmode of the dynamo at Ω = 3, is shown in Fig.6 . The magnetic field as seen previously in the spectra is present at large scales, with the k z = 1 being dominant. Most of the magnetic energy is concentrated along the coherent co-rotating vortex in two counter directed spiral flux tubes. The present study shows that global rotation can play a positive role in the dynamo instability by suppressing turbulent fluctuations. This non-dissipative suppression leads the flow to drive the dynamo by well organized large scales that have long correlation times and thus are more effective in performing a constructive refolding of the magnetic field lines.
This discovery provides a new paradigm for the design of new dynamo experiments that include global rotation. Reaching rotation rates in the laboratory that lead to quasi-2D flows is feasible and has been achieved in watertank experiments [24, 25] . The additional energy cost for maintaining the rotation is probably minimal compared to the large gain of the order of 10 3 due to the suppression of turbulent fluctuations. The only issue that needs to be considered is that the design of the domain and the forcing should guarantee that all three velocity components are present, so that the flow becomes 2.5D and not 2D. Finally, we note that this result also shows that in fast rotating systems, like the Earth, the critical magnetic Reynolds number based on the injected energy to sustain a dynamo instability might stay very small Rm ∼ O(1) even at large Reynolds numbers.
